In this work, numerical solutions of the two-dimensional Navier-Stokes and Euler equations using explicit MacCormack method on multi-block structured mesh are presented for steady state and unsteady state compressible fluid flows. The multi-block technique and generalized coordinate system are used to develop a numerical solver which can be applied for a large range of compressible flow problems on complex geometries without modifying the governing equations and numerical method. Besides that the numerical method is based on a finite difference approach and the generalized coordinates introduced allow the application of the boundary conditions easily. The subsonic flow over a backward facing step and supersonic flow over a curved ramp are presented, and the results are compared with the experimental and numerical data.
Introduction
Computational Fluid Dynamics (CFD) has become a powerful tool to analyze different problems that involves compressible fluid flows, such as for applications in the aerospace and defense industries. Currently, this computational tool is used to solve numerically the compressible Navier-Stokes equations, which are nonlinear partial differential equations that describe the flow in external and internal domains (ANDERSON; TANNEHILL; PLETCHER, 1984) .
The main problem to obtain high accuracy in numerical solutions for problems of compressible fluid flow around complex geometries is the generation of mesh. This is an important procedure for fluid flow solved by numerical means because the generation of a quality mesh is crucial to the accuracy of numerical solutions and also convergence of the numerical methods.
As stated in (BAIRD; MCGUIRK, 1999) the development of a multi-block structured solver is quicker, has greater memory efficiency and has better geometry conformity than a single block code. The multi-block approach allows geometry to be altered easily with only the changed blocks requiring new mesh generation, reducing lead time for predictions of evolving geometry. Following the lead of (ZHANG; BLAISDELL; LYRINTZIS, 2004) other approach for the solution of the present problem is the use of high-order compact schemes with a high-order filter on multi-block domains. As discussed in (ALI et al., 2017) the search for optimal blocking methods for generating meshes suitable for flow simulations has been carried out using an adjoint-based error analysis of the meshes generated by these block topologies. It is found that, in general, the medial axis-based approaches provide opti- are difficult to use, especially due to the application of the boundary conditions. Thus, the numerical grid generation, based on elliptic equations are used in order to discretize the domain. This make the grid lines to coincide with the boundary of the domain becoming much easer apply the boundary conditions (MALISKA, 1995; THOMPSON; WARSI; MASTIN, 1985) . Furthermore, this system allows developing numerical codes that can be used to solve a large number of different problems without modifying the very core of the code (MALISKA, 1995; PULLIAM, 2005) .
The usage of elliptic mesh generator with generalized coordinates some times do not yield in a convenient mesh. See below in figure 1 this specific situation. Around the corners of this warehouse shown, the mesh lines form a very distorted volumes which should be avoided. The multi-block idea comes in order to divide the domain in two meshes with a better quality of volumes close to the corners, as can be seen in figure 2 (ALMEIDA, 2015) . The multi-block structured meshes are used to gives more control to refining the mesh locally and consequently improve the mesh quality without increasing the computational time and the memory requirements excessively (MALISKA, 1995; THOMPSON; WARSI; MASTIN, 1985; ERDOGAN, 2004) . 
Governing Equations
The two-dimensional compressible Navier-Stokes equations in generalized coordinates system (ξ , η) without body forces, mass diffusion, finite-rate chemical reactions, or external heat addition can be written in nondimensional conservative law form as (ANDERSON; TAN-NEHILL; PLETCHER, 1984)
whereQ is the state vector of conservative variables defined byQ
Ê inv andF inv are the inviscid flux vectors, and Ê vis and F vis are the viscous flux vectors in the ξ and η directions, which are given below
where J is the Jacobian of the transformation, ρ is the density, u and v are the velocity components in the ξ and η coordinate directions, U and V are the contravariant velocities, E t is total energy per unit of volume, ξ x , ξ y , η x and η y are the metrics of transformation, β x = τ xx u + τ xy v and β y = τ xy u + τ yy v, p is the static pressure and τ describes the stress components for viscous flow.
The Navier-Stokes equations are based on the universal law of conservation of mass, conservation of momentum and conservation of energy. However, to complete this system of equations is necessary to add an equation of state that can be written as (ANDERSON; TANNEHILL; PLETCHER, 1984)
in which the fluid is considered a perfect gas. In the above equation (7), γ denotes the ratio of the specific heats. The dimensionless of the variables is performed to eliminate the scale problems and are dimensionless as follows (ANDERSON; TANNEHILL; PLETCHER, 1984),
In these expressions as described before, the sub indexes ∞ refers to the free stream flow and the upper index * refers to the dimensionless variables (one could use stagnation state in place of free stream). For simplicity the development of the govern equations, the upper index * will be discarded, because such equations are invariant to these transformations (ANDERSON; TANNEHILL; PLETCHER, 1984) .
The Reynolds number and Mach number are defined
, respectively, where a ∞ is the speed of sound of an ideal gas, l 0 is a characteristic length of the domain, and µ is the coefficient of dynamic viscosity. The free-stream conditions are denoted by the infinite symbol.
The compressible Euler equations describe the inviscid compressible flow. This system of equations can be obtained by neglecting the viscous terms from the equation
(1).
Numerical Method
The MacCormack method (MACCORMACK, 1969) is used for solving the governing equations as given by equation (1). The numerical method is an explicit predictor-corrector scheme based on a finite difference formulation that has been used for compressible flow, and it has second-order of accuracy in both space and time.
When the method is applied to the two-dimensional compressible Navier-Stokes equations given by (1), it can be written as (ANDERSON; TANNEHILL; PLETCHER, 1984; MACCORMACK, 1969) Predictor:
Corrector:
where
MacCormack method requires the predictor be calculated first to n = 0 (initial conditions), so the primitive variables are obtained from theQ n+1 vector by (14) . Then the corrector step is finally calculated for the state vector given bŷ Q n+1 in (15). So the entire process goes on to n = 1, 2, . . . . 
Boundary Conditions
The Dirichlet boundary condition is one of the easiest to use and implemented computationally. For the computational codes in compressible fluid flow, they can be of the type:
It is the region where the injection of fluid occurs in the domain, where all properties are provided.
• (Outlet): It is the region that represents the output of the fluid in the domain. The boundary conditions are approximated by extrapolation as follows:
With this, one can determine the total energy:
• (Opening): These boundary conditions allow the fluid flow from inside towards the outside the domain, depending only on the flow conditions. The boundary conditions can be determined according to the following expressions:
or by,
With this, the internal energy can be determined according to equation (20).
• (Solid Wall ): Represents the solid boundary conditions of viscous and non-viscous flow. For density, pressure and energy, the boundary conditions can be determined according to the conditions of type Opening.
However, the application of the boundary conditions to the velocity is different, being classified as Free-Slip for non-viscous flow and No-Slip for viscous flow.
For the boundary condition of type Free-Slip, the velocity on the wall is not zero and can be determined by the following relationships.
1. Contravariant Velocity V :
or by, 
Block Interface
A multi-block structured mesh with two blocks is used to clarify the block interface boundary condition treatment, as shown partially in figure 3. The first block, which is in red, is where the fluid enters. The second block, which is in blue, is where the fluid from block 1 becomes its inlet.
The mesh of each block has 60 × 50 nodes. For the treatment of the boundary between blocks 1 and 2, it is observed that they are physically coincident.
For the exchange of information between the blocks, the multi-block structured mesh is coincident at the boundary.
At the boundary between the blocks, the boundary of block 1 is considered as an outflow boundary condition, since the fluid leaves this block. In block 2, the boundary is the inlet of the fluid exiting block 1, being considered an inlet boundary condition. As can be seen in figure 4 , the values of the input variables of block 2 are equal to the values of the output variables of block 1. Analyzing the figure 4, it is observed that the vector of conserved variablesQ is coincident at the boundary for blocks 1 and 2, whereQ
In order to avoid a numerical discontinuity of the solution at the boundary between the blocks, after each iteration a numerical boundary condition is applied at this border,
where the values of the variables are determined through the variables neighboring of such boundary.
This numerical condition is applied to the flow variables according to the following expressions:
With the input and initial conditions and the boundary conditions mentioned above, it is possible to obtain satisfactory numerical results by implementing the MacCormack original method (MACCORMACK, 1969) and the use of multi-block structured mesh in the cases discussed as follow.
The monitoring of the stability of the numerical scheme is performed by observing the residue at all internal points of the discretized domain, according to the equation below residue = log 10
.
Among the conserved variables ofQ, the one used in the above equation for determining the residue is the density ρ.
To keep the numerical scheme stable, the value of the time integration step can be defined by the follow- 
where CFL is the Courant-Friedrichs-Lewy number. For the explicit MacCormack scheme the CFL must be less than or equal to 0.5. The values of CFx and CFy for the above equation can be determined through the following expressions:
where CFx and CFy are maximum values in the domain.
Numerical Results
The capabilities of the methodology adopted in this work are demonstrated by numerical simulation over two test cases.
Flow Over a Backward-facing Step
The first test is the well known subsonic flow over a backward facing step that is often used as benchmark problem in computational fluid dynamics. The main feature of this flow is that it has a simple geometry that generates an The figures 6 and 7 shows the velocity contours of the steady state flow field for two different Reynolds number (Re = 50 and 100) for expansion ratio H/h = 1.9423(≈ 2). In all cases shown in figures, a vortex is found in the concave corner behind the step and the maximum velocity is located on the upstream side of the channel, as found in the experiments performed by (ARMALY et al., 1983; BISWAS; BREUER; DURST, 2004; SALEEL; SHAIJA; JAYARAJ, 2013) . It can also be seen that the size of the recirculation region increases with increasing Reynolds number.
The Table 1 
Flow Over a Curved Ramp
The second test case is a transient supersonic flow over a curved ramp at Mach number 1.5 that can be used as benchmark problem for the supersonic Euler equations.
This flow is characterized by the formation of a detached bow shock in front of the curved ramp and of an expansion wave. Moreover, other feature is the wave shock reflection from the solid wall (LOBAO, 2010; LOBAO, 1992; ALLEN, 1992) .
For the numerical simulation, the initial conditions are as follows: density ρ 0 = 1.21kg/m 3 , pressure p 0 = 1.01 × 10 5 N/m 2 , and ratio of the specific heats γ = 1.4.
The mesh for the multi-block solutions of this problem is given in figure 8 . The mesh sizes in the first and second blocks are 110 × 80 and 60 × 80, respectively. 
Conclusions
In this work, the discretization of the Navier-Stokes and Euler equations on multi-block structured mesh is realized using explicit MacCormack method. The numerical results for steady state and unsteady state compressible fluid flow in two-dimensional geometries are presented for two different test cases in subsonic and supersonic regimes, the flow over a backward facing step and flow over a curved ramp, respectively, which indicated good agreement with the references data. Therefore, it is shown the capability of the methodology to obtain numerical results for these types of subsonic and supersonic flows in two-dimensional complex geometries.
